Background: Autophagy is a prosurvival mechanism contributing to resistance against anticancer agents. Results: We demonstrate that the selective antitumor thiosemicarbazone di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) increases autophagosome synthesis but induces cell death by reducing autophagosome degradation. Conclusion: Dp44mT overcomes autophagy and utilizes the autophagic machinery to provoke cell death. Significance: These results indicate a new mechanism by which Dp44mT induces tumor cell death. 5 The abbreviations used are: LC3, microtubule-associated protein 1 light chain 3; Act D, actinomycin D; Baf A1, bafilomycin A1; Cat D, cathepsin D; DFO, desferrioxamine; Dp2mT, di-2-pyridylketone 2-methyl-3-thiosemicarbazone; Dp44mT, di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone; LAMP-2, lysosome-associated membrane protein 2; LMP, lysosomal membrane permeabilization; NAC, N-acetylcysteine; ROS, reactive oxygen species; TAM, tamoxifen; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
Autophagy functions as a survival mechanism during cellular stress and contributes to resistance against anticancer agents. The selective antitumor and antimetastatic chelator di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) causes lysosomal membrane permeabilization and cell death. Considering the integral role of lysosomes in autophagy and cell death, it was important to assess the effect of Dp44mT on autophagy to further understand its mechanism of action. Notably, Dp44mT affected autophagy by two mechanisms. First, concurrent with its antiproliferative activity, Dp44mT increased the expression of the classical autophagic marker LC3-II as a result of induced autophagosome synthesis. Second, this effect was supplemented by a reduction in autophagosome degradation as shown by the accumulation of the autophagic substrate and receptor p62. Conversely, the classical iron chelator desferrioxamine induced autophagosome accumulation only by inhibiting autophagosome degradation. The formation of redox-active iron or copper Dp44mT complexes was critical for its dual effect on autophagy. The cytoprotective antioxidant N-acetylcysteine inhibited Dp44mT-induced autophagosome synthesis and p62 accumulation. Importantly, Dp44mT inhibited autophagosome degradation via lysosomal disruption. This effect prevented the fusion of lysosomes with autophagosomes to form autolysosomes, which is crucial for the completion of the autophagic process. The antiproliferative activity of Dp44mT was suppressed by Beclin1 and ATG5 silencing, indicating the role of persistent autophagosome synthesis in Dp44mT-induced cell death. These studies demonstrate that Dp44mT can overcome the prosurvival activity of autophagy in cancer cells by utilizing this process to potentiate cell death.
Autophagy is a prosurvival, catabolic process involving lysosomal degradation and recycling of long lived proteins and organelles (1) . Execution of autophagy begins with the interplay of proteins such as the class III phosphoinositide 3-kinase (PI3K)⅐Beclin1 complex, ATG5⅐ATG12, and microtubule-associated protein 1 light chain 3 (LC3) 5 -phosphatidylethanolamine conjugation system that results in the formation of a double membrane vesicle called the autophagosome (1) . Proteins and/or organelles are then selectively targeted and shuttled into the autophagosome by receptor proteins such as p62 (1, 2) . Finally, the mature autophagosome fuses with the lysosome to form the autolysosome in which the contents are degraded by lysosomal hydrolases (3) .
Autophagy protects cells against damaged and harmful components and maintains nutrient and energy homeostasis via the recycling of amino acids, sugars, and metal ions (3) (4) (5) . For this reason, a considerable proportion of cellular labile iron, generated from the degradation of iron-containing metalloproteins (e.g. ferritin), is thought to be present in autolysosomes (6 -8) .
Considering that rapidly growing neoplastic cells have a higher iron and copper requirement than their normal counterparts, sequestration of metal ions using iron chelators has been shown to be an effective antitumor strategy (9 -12) . Desferrioxamine (DFO) is a well known iron chelator clinically used for the treatment of iron overload disease (e.g. ␤-thalassemia) and has shown mild antiproliferative activity against cancer cells in vitro, in tumors in animal models, and in clinical trials in humans (9, (12) (13) (14) (15) (16) . However, DFO was demonstrated to have limited efficacy due to its low lipophilicity and membrane permeability (9, (17) (18) (19) .
Recently, the lipophilic ligand di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) showed pronounced and selective antitumor and antimetastatic activity in vitro and in vivo (20 -24) . Unlike DFO, Dp44mT forms redox-active iron or copper complexes that play key roles in its cytotoxic activity (20, (25) (26) (27) (28) . In fact, Dp44mT was shown to be lysosomotropic and was retained within lysosomes due to their acidic pH and the ionization characteristics of Dp44mT (27) . Within this organelle, Dp44mT forms cytotoxic iron or copper complexes that generate reactive oxygen species (ROS) that result in lysosomal membrane permeabilization and cell death (27) .
Given that Dp44mT and DFO both localize to the lysosomal compartment and bind iron or copper (27, 29) , the effect of Dp44mT and DFO on autophagy is of interest. Because DFO is known to induce cell death (30) and Dp44mT is potently cytotoxic (20) , it is of interest whether autophagy will play a prosurvival role (1, 4) . In general, the up-regulation of autophagy results in resistance against anticancer agents by allowing residual or metastasized tumor cells to tolerate cytotoxic stress (1, 4) . Thus, inhibition of autophagy in resistant tumors can cause cancer cell death (4) . In fact, targeted knockdown of genes essential for autophagy such as ATG5 and BECN1 or using autophagy inhibitors such as chloroquine, bafilomycin A1, etc. has led to the resensitization of resistant tumor cells to anticancer therapy (31) (32) (33) (34) . In contrast, previous studies have also reported a prodeath function of persistent autophagy where blocking the autophagic response using the inhibitor 3-methyladenine or the silencing of autophagy genes ATG5, ATG7, and BECN1 inhibited cell death (35, 36) . Furthermore, in response to various agents, apoptosis-resistant fibroblasts undergo cell death associated with autophagosome/autolysosome accumulation (37, 38) . These findings indicate the role of autophagic cell death as an alternative death mechanism to apoptosis (37, 38) .
In this investigation, we demonstrated that Dp44mT regulates autophagy by two mechanisms: 1) increasing autophagosome formation and 2) preventing autophagosome turnover. This latter effect was due to the lysosomal disruption mediated by the formation of copper and iron complexes of Dp44mT. Subsequently, this lysosomal disruption prevented the fusion of the lysosome with the autophagosome, inhibiting the development of functional autolysosomes. Significantly, studies inhibiting the initiation of autophagy using either BECN1 or ATG5 silencing suppressed the antiproliferative activity of Dp44mT, demonstrating the role of persistent autophagosome synthesis in Dp44mT-induced cell death. We show that Dp44mT overcame the prosurvival activity of autophagy and converted it into a mechanism of cytotoxicity.
MATERIALS AND METHODS
Cell Culture and Reagents-Human MCF7, MDA-MB-231, and T47D breast cancer cells used in this study were obtained from the American Type Culture Collection (ATCC, Manassas, VA). These cell lines were maintained at 37°C in a humidified atmosphere of 5% CO 2 in minimum essential medium supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) nonessential amino acids, 1% (v/v) sodium pyruvate, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen). Both Dp44mT and di-2-pyridylketone 2-methyl-3-thiosemicarbazone (Dp2mT) were synthesized and characterized using standard procedures (39, 40) . DFO was purchased from Novartis (Basel, Switzerland). Tamoxifen, bafilomycin A1, actinomycin D, and N-acetylcysteine were obtained from Sigma-Aldrich.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Cell Viability Assay-Cell viability was examined using the MTT (Sigma-Aldrich) assay by established methods in our laboratory (41) . Results were validated by comparison with direct cell counts using trypan blue (41) .
Western Blot Analysis-Protein extraction and Western blotting were performed using standard methods (42) . Immunodetection of proteins was accomplished using antibodies against LC3 (catalog number MBPM036, Abacus-ALS, Brisbane, Australia), p62 (catalog number ab56416, Abcam, Cambridge, UK), ATG5 (catalog number 2630S, Cell Signaling Technology, Beverly, MA), Beclin1 (catalog number 3738S, Cell Signaling Technology), Bax (catalog number 2772S, Cell Signaling Technology), Bcl-2 (catalog number 2876S, Cell Signaling Technology), and ␤-actin (catalog number A1978, Sigma-Aldrich). The secondary antibodies implemented include horseradish peroxidase (HRP)-conjugated anti-rabbit (catalog number A6154) and anti-mouse (catalog number A4416) antibodies from Sigma-Aldrich. The membrane was developed using enhanced chemiluminescence (ECL) and imaged using a ChemiDoc (Bio-Rad) imager. Densitometric analysis was performed to quantify the intensities of each band produced using Image Lab Software (Bio-Rad). The relative intensities of target protein bands were normalized to ␤-actin.
RNA Isolation and Semiquantitative Reverse Transcription (RT)-PCR-Total RNA was isolated by established methods (43) using TRIzol (Sigma Aldrich). Semiquantitative RT-PCR was performed (43) using the primers in Table 1 . ␤-Actin was used as an RNA loading control. RT-PCR was shown to be semiquantitative and in the log phase of amplification. All RT-PCR products were analyzed by agarose gel electrophoresis. Images were taken utilizing a Gel-Doc (Bio-Rad) apparatus.
Immunofluorescence-Immunofluorescence was performed according to standard procedures (44) . Briefly, cells were grown on coverslips. After incubation with the examined agent, cells were fixed using ice-cold methanol for 15 min and permeabilized with 0.25% Triton X-100 for 10 min at 20°C. After blocking with a PBS solution containing 1% bovine serum albumin (BSA), fixed cells were incubated with rabbit anti-LC3 (catalog number MBPM036, Abacus-ALS), mouse anti-cathepsin D (catalog number ab72915, Abcam), or mouse anti-LAMP-2 (catalog number ab25631, Abcam) antibody in PBS (1% BSA) at 4°C overnight. The slides were then washed in PBS and incubated with an anti-rabbit IgG (heavy ϩ light) antibody coupled to FITC (Invitrogen) or anti-mouse IgG antibody coupled with Texas Red (Abcam) for 2 h at 20°C. Coverslips were mounted on glass slides using ProLong Gold antifade reagent with DAPI (Invitrogen). Stained samples were examined with an Olympus AxioObserver Z1 fluorescence microscope (Olympus, Mt. Waverley, Victoria, Australia) by a 63ϫ oil objective. Images were captured with AxioVision Rel 4.8 software (Carl Zeiss, Australia). Scatter plots and Mander's overlap coefficient (r) were generated and calculated, respectively, using NIH ImageJ.
Assessment of Lysosomal Membrane Permeability-The distribution of acridine orange (Sigma-Aldrich) was assessed to determine the integrity of the lysosomal membrane as reported previously (27) . After incubation with the examined agent, cells were incubated for 15 min at 37°C with acridine orange (20 nM) and washed three times with PBS. Fluorescence intensity was examined using the microscope described above and quantified by flow cytometry (FACSCanto, BD Biosciences) (27) . Data analysis was performed using FlowJo software (Tree Star Inc., Ashland, OR).
Down-regulation of Protein Expression Using RNA Interference-Cells grown for 24 h were transfected with ON-TARGETplus siRNA oligos (Dharmacon, Lafayette, CO) for 6 h at 37°C using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Then the cells were further incubated in normal growth medium supplemented with FCS for an additional 72 h at 37°C prior to further experiments. The following siRNAs were purchased from Dharmacon: non-targeting control siRNA (negative control siRNA, D-001810-01), human ATG5 siRNA (J-004374-07), and human BECN1 siRNA (J-0105552-05).
Annexin V Binding Assay-Cells were harvested with PBS-EDTA and then stained with an annexin V-FITC apoptosis detection kit (Abcam) according to the manufacturer's protocol. Stained cells were analyzed using the flow cytometer described previously.
Statistical Analysis-Data are expressed as mean Ϯ S.D. of three experiments. Experimental data were compared using Student's t test. Results were considered statistically significant when p was Ͻ0.05.
RESULTS
Dp44mT and DFO Increase LC3-II Levels and Autophagosome Formation at High Doses Along with Marked Antiproliferative Activity-To investigate the levels of autophagy in response to the cytotoxic effects of the ligands Dp44mT and DFO, studies first examined the antiproliferative activity of these agents and their ability to induce autophagy markers. The human MCF7 breast cancer cell line was used initially because autophagy has been well characterized in this cell line (45) . In these investigations, Dp44mT was used at low concentrations of up to 5 M because of its high membrane permeability and marked iron chelation efficacy (20) . In contrast, DFO was used at higher concentrations of up to 250 M because of its low membrane permeability and lower iron chelation efficacy (19) . Furthermore, the well established anticancer agent tamoxifen (TAM) was implemented as a positive control because of its well characterized ability to induce autophagy in estrogen receptor-positive MCF7 cells (46 -48) .
After a 24-and 48-h incubation, Dp44mT (5 M) induced significantly (p Ͻ 0.001-0.05) greater antiproliferative activity than TAM (10 M) or DFO (250 M; Fig. 1, A and B) . To determine whether autophagy was induced by the chelators, the conversion of LC3-I (cytosolic form) to LC3-II (autophagosome membrane-bound form) was examined (49, 50) . In all studies below, LC3-II was quantified densitometrically from Western blots as it is a classical marker of autophagosome formation (49, 50) . The positive control, TAM (10 M), induced a significant (p Ͻ 0.001) increase in LC3-I and especially LC3-II levels relative to control cells after a 24-and 48-h incubation ( Fig. 1, C and D) .
After an incubation of either 24 or 48 h, the lower concentrations of Dp44mT (0.01 and 0.1 M) either had no significant (p Ͼ 0.05) effect or slightly decreased LC3-I or LC3-II expression relative to the control. In contrast, Dp44mT at 5 M markedly and significantly (p Ͻ 0.001-0.01) increased LC3-I and LC3-II expression versus the control (Fig. 1 , C and D). Incubation of cells with DFO (5-250 M) for 24 h had no significant effect on LC3-I or LC3-II levels relative to the control, whereas after 48 h, DFO at 50 or 250 M induced a pronounced and significant (p Ͻ 0.01-0.05) increase in both LC3 isoforms. The increase in LC3-I and -II expression after incubation with Dp44mT and DFO ( Fig. 1 , C and D) occurred at high doses along with marked antiproliferative activity ( Fig. 1, A and B) .
Subsequently, the intracellular distribution of LC3 was visualized by fluorescence microscopy to examine the presence of autophagosome-associated LC3 (i.e. LC3-II) that forms a punctate pattern in the cytoplasm (49, 50) . Consistent with the Western blots, TAM (10 M) and Dp44mT (5 M) enhanced the punctate fluorescent pattern of autophagosome-associated LC3-II relative to the control after 24 and 48 h, whereas DFO (250 M) enhanced this only after 48 h ( Fig. 1E ). Two positive controls were utilized in these experiments, namely the late stage autophagic inhibitors bafilomycin A1 (Baf A1; 100 nM) and chloroquine (10 M) (49, 51). Both of these agents resulted 
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in an accumulation of LC3II-containing autophagosomes (Fig.  1E ). The negative control compound, Dp2mT, which has a similar structure to Dp44mT but is unable to bind metals (20, 27, 44, 52) , did not alter the punctate fluorescence pattern of LC3-II relative to control after 24 and 48 h ( Fig. 1E ). Collec-tively, Dp44mT and DFO induced an increase in LC3-II levels, reflecting an increase in autophagosome formation.
Dp44mT, but Not TAM or DFO, Induces Autophagosome Synthesis-The levels of LC3-II are known to correlate with autophagosome abundance (49, 50) . However, alterations in total LC3-II levels can result from increased synthesis and/or decreased degradation of autophagosomes (49, 50) . Hence, autophagic flux was measured as it encompasses both the formation and degradation of autophagosomes (49, 50) . To determine this, LC3-II levels were measured under conditions where autophagosome degradation was blocked by Baf A1 (100 nM) (49, 50) .
To understand the effect of Baf A1, it is important to note that when basal levels of autophagy occur the synthesis of LC3-II is in equilibrium with its autophagic degradation. When the autophagosome is degraded after it binds to the lysosome, LC3-II levels remain unchanged ( Fig. 2A, i) . However, in the presence of Baf A1, autophagosome degradation and autophagosome-lysosome fusion are inhibited (49, 53) , leading to accumulation of LC3-II ( Fig. 2A, ii) . When an autophagy inducer is introduced, autophagosome synthesis is increased relative to the basal state, resulting in increased LC3-II accumulation when degradation is blocked by Baf A1 ( Fig. 2A, iii) . If the increase in LC3-II by an agent was only due to inhibition of autophagosome turnover, the addition of Baf A1 in the presence of this agent would not be expected to lead to a further increase in LC3-II when compared with the basal state in the presence of Baf A1. Thus, by blocking the degradation stage of autophagy with Baf A1, the extent of autophagosome formation in response to a particular agent can be determined (49, 50) ( Fig. 2A ).
To assess autophagosome formation, MCF7 cells were incubated for 24 or 48 h with either control medium, TAM (10 M), Dp44mT (5 M), or DFO (250 M) in the absence or presence of Baf A1. Under control conditions, Baf A1 induced a significant (p Ͻ 0.001) increase in LC3-II levels relative to control cells incubated in the absence of this inhibitor, and this represents basal autophagosome formation (49, 50) ( Fig. 2 , B and C). A significant (p Ͻ 0.001) increase in LC3-II levels by TAM was observed compared with control cells in the absence of Baf A1 after a 24-and 48-h incubation (Fig. 2 , B and C). However, there was no significant (p Ͼ 0.05) change in LC3-II levels when TAM was co-incubated with Baf A1 compared with control cells incubated with Baf A1 alone (Fig. 2, B and C). This observation suggests that TAM does not affect autophagosome formation. Hence, in the absence of Baf A1, the increased expression of LC3-II after incubation with TAM is probably due to decreased degradation of autophagosomes (this is examined further in the next section by assessing p62 levels).
Incubation with Dp44mT led to a significant (p Ͻ 0.001-0.05) increase in LC3-II levels compared with control cells in the absence of Baf A1 after both a 24-and 48-h incubation (Fig.  2 , B and C). Dp44mT also significantly (p Ͻ 0.01) increased LC3-II levels in the presence of Baf A1 relative to control cells incubated with Baf A1 alone after both 24 and 48 h (Fig. 2, B and C). This finding is in contrast to that found for TAM and suggests that the rate of autophagosome formation is increased by Dp44mT, which was also observed at the earlier time point of 8 h (Fig. 2 , D-G). The observation that Dp44mT increases autophagic flux was further examined by utilizing another well characterized late stage autophagic inhibitor, namely chloroquine (49, 51) . This latter inhibitor was found to produce an effect similar to Baf A1, but its inhibition of autophagy was not as marked as Baf A1 (data not shown) as found in previous studies from our laboratory (54) .
In contrast to TAM and Dp44mT, no significant (p Ͼ 0.05) change in LC3-II level was observed after incubation with DFO relative to the control in the absence of Baf A1 after 8 or 24 h ( Fig. 2 , B-E). Conversely, a significant (p Ͻ 0.05) increase in LC3-II was found after a 48-h incubation with DFO versus the control (Fig. 2, B and C). However, there was no significant (p Ͼ 0.05) change in LC3-II levels when DFO was co-incubated with Baf A1 compared with control cells incubated with Baf A1 alone after both a 24-and 48-h incubation (Fig. 2, B and C). Similar to TAM, it can be rationalized that DFO inhibits autophagosome degradation, which leads to LC3-II accumulation. This observation is speculatively due to these agents inhibiting the fusion of autophagosomes to lysosomes or rendering the lysosomes inactive.
The results above demonstrate that Dp44mT relative to TAM and DFO induce initiation of autophagosome synthesis as determined by LC3-II levels in the presence of Baf A1 (Fig. 2 , B and C). Considering this observation, studies then examined LC3 mRNA levels after incubation with these agents. In agreement with LC3-II expression in the presence of Baf A1 (Fig. 2 , B and C), Dp44mT induced a significant (p Ͻ 0.001) increase in LC3 mRNA after a 24-or 48-h incubation versus the control (Fig. 3, A and B) . In contrast, no significant (p Ͼ 0.05) alteration in LC3 mRNA was observed with TAM or DFO relative to the control (Fig. 3, A and B) . These results at the mRNA level confirm the findings at the protein level that Dp44mT induced autophagosome synthesis, whereas TAM or DFO inhibited autophagosome degradation (Fig. 2 , B and C).
Dp44mT Increases p62 Due to Decreased Autophagosome Degradation-Another classical autophagy substrate and receptor, namely p62 (55), has been used previously by other investigators to monitor autophagic flux (i.e. the rate at which the autophagic process is completed) (56, 57) . Of note, p62 is selectively incorporated into autophagosomes through direct binding to LC3-II and is degraded by autophagy ( Fig. 4A , i) (55) . An induction of the autophagic flux leads to increased degradation of p62 ( Fig. 4A , ii), whereas an impaired autophagic flux (i.e. inhibition of autophagosome degradation) will result in an accumulation of p62 ( Fig. 4A, iii) (55) . In Fig. 4B , Western blots showing LC3-II expression have been added to complement the p62 expression for easier interpretation. These LC3-II results are similar to those shown in Fig. 1 , C and D.
After a 24-or 48-h incubation, TAM (10 M) induced a significant (p Ͻ 0.001-0.05) increase in p62 level relative to the control (Fig. 4 , B and C). This observation supports the results in Fig. 2 , B and C, demonstrating that despite increased LC3-II levels by TAM no change in LC3-II level occurred after incubation with TAM plus the autophagosomal degradation inhibitor Baf A1 relative to the control and Baf A1. Hence, together the results examining autophagic flux via the use of Baf A1 (Fig. 2, B and C) and p62 accumulation ( Fig. 4 , B and C) indicate that the TAM-induced increase in LC3-II levels was due to inhibition of autophagosomal degradation.
Only the highest concentrations of Dp44mT (0.1 and 5 M) induced a significant (p Ͻ 0.001-0.01) increase in p62 levels after 24 and 48 h (Fig. 4, B and C) . These findings suggest
decreased degradation of autophagosomes after incubation with Dp44mT under these conditions. In contrast to TAM or Dp44mT, DFO did not cause any alteration in p62 expression relative to the control after a 24-h incubation (Fig. 4 , B and C).
However, after 48 h, the highest concentrations of DFO (50 and 250 M) induced a significant (p Ͻ 0.01-0.05) increase in p62 level compared with the control (Fig. 4 , B and C). Similar to TAM, DFO did not cause an increase in LC3-II level in the FIGURE 2. Dp44mT, but not DFO, induces autophagic initiation. A, schematics depicting alterations in total LC3-II levels that can result from increased synthesis and/or decreased degradation of autophagosomes. i, when autophagy occurs in the basal state, the autophagosome formed is degraded after it fuses with the lysosome, leaving LC3-II levels unchanged. ii, in the presence of Baf A1 (100 nM), autophagosome degradation and autophagosome-lysosome fusion are inhibited. This leads to LC3-II accumulation, which reflects the extent of autophagosome formation in response to a particular agent. iii, when autophagosome degradation is blocked by Baf A1 and an autophagy inducer is introduced, autophagosome synthesis is increased relative to the basal state, resulting in increased LC3-II accumulation. B, MCF7 cells were preincubated with control medium or medium containing Baf A1 (100 nM) for 30 min at 37°C followed by a 24-or 48-h 37°C incubation with either control medium or medium with Baf A1 (100 nM) in the presence or absence of either TAM (10 M), Dp44mT Overcomes Prosurvival Autophagy NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48
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presence of Baf A1 compared with cells incubated with Baf A1 alone after 24 or 48 h (Fig. 2, B and C) . Therefore, the increase in LC3-II expression after incubation with DFO was due to a reduction in autophagosome degradation.
Dp44mT Increases p62 mRNA Due to Increased Transcription-An increase in p62 protein level (Fig. 4 , B and C) may result in part from the up-regulation of p62 mRNA levels. Stud-ies examining p62 mRNA expression demonstrated that only Dp44mT significantly (p Ͻ 0.001) increased its levels after 24 or 48 h (Fig. 5, A and B) . To determine whether the Dp44mTinduced increase in p62 mRNA was due to increased transcription rather than increased mRNA half-life, the cells were preincubated for 2 h in the presence or absence of the transcription inhibitor actinomycin D (Act D; 4 M) (43). This procedure was Dp44mT Overcomes Prosurvival Autophagy then followed by reincubation with the agents for 6 h in the presence or absence of Act D (4 M). A shorter incubation time point was implemented as the high doses of Act D used to markedly inhibit transcription are cytotoxic over longer periods (58) . Only Dp44mT significantly (p Ͻ 0.001) up-regulated p62 mRNA, and this was inhibited by Act D (Fig. 5, C and D) . These results suggested that the initial Dp44mT-mediated increase in p62 mRNA was due to increased transcription. Because of the limitations of using Act D after long incubations, we cannot exclude that at later time points (i.e. 24 or 48 h) there are changes in p62 mRNA stability.
Dp44mT Increases Autophagosome Synthesis and Decreases Autophagosomal Degradation in Multiple Cell Types-As shown previously using Baf A1, Dp44mT caused an increase in LC3-II-containing autophagosome synthesis relative to the Baf A1-treated control (Fig. 2, B and C) . Hence, the intracellular accumulation of p62 after incubation with Dp44mT ( Fig. 4 , B and C) indicates that the increased autophagic flux is not sufficient to fully clear this substrate and could be due to a simultaneous decrease in autophagosome degradation. This increased rate of autophagosome formation in the presence of Dp44mT (as rationalized from the increased LC3-II in the presence of Baf A1 relative to the control plus Baf A1) and p62 accumulation were also observed after the breast cancer cell lines MDA-MB-231 and T47D were incubated with Dp44mT ( Fig. 6, A-F) . These observations indicate that this effect of Dp44mT was not just specific for MCF7 cells.
The Redox-active Iron or Copper Complexes of Dp44mT Increase Autophagosome Synthesis and Decrease Autophagosome Degradation-Next we examined the mechanism of action by which Dp44mT increases autophagosome synthesis and decreases autophagosome degradation. Initially, the well characterized ability of the chelators to bind cellular iron (19, 20) was assessed in terms of their efficacy in increasing LC3-II expression. The negative control compound, Dp2mT (20, 27, 44, 52) , did not significantly alter LC3-I or LC3-II levels compared with the control (Fig. 7, A and B) . Similarly, Dp2mT (5 M) did not induce any significant (p Ͼ 0.05) change in p62 level relative to the control (Fig. 7, A and B) . Considering these data with Dp2mT relative to those with Dp44mT, it can be concluded that metal ion binding plays an important role in the increased autophagosome formation and inhibition of autophagosome degradation by Dp44mT.
Incubation with the Dp44mT⅐iron complex (Fe[Dp44mT] 2 ) induced LC3-II to a level that was significantly (p Ͻ 0.01-0.05) greater than the control after 24 or 48 h (Fig. 7, A and B) . Hence, this result suggested that the iron complex itself and/or its redox activity (39) induced autophagy. However, the effect of Fe[Dp44mT] 2 at increasing LC3-II expression was significantly (p Ͻ 0.001-0.05) less than that found when cells were incubated with Dp44mT alone after 24 or 48 h (Fig. 7, A and B) . Similar observations were also found for p62 with both Dp44mT and Fe[Dp44mT] 2 significantly (p Ͻ 0.05-0.01) inducing expression after 24 or 48 h (Fig. 7, A and B) . No significant (p Ͼ 0.05) alteration was observed with Fe[Dp44mT] 2 relative to Dp44mT alone (Fig. 7, A and B) . In contrast to Fe[Dp44mT] 2 , the DFO⅐iron complex (Fe[DFO]) did not significantly (p Ͼ 0.05) increase the levels of LC3-II after 24 or 48h relative to control. Moreover, the LC3-II level after a 48-h incu- Dp44mT Overcomes Prosurvival Autophagy NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 33575 bation with Fe[DFO] was significantly (p Ͻ 0.01) less than that found when cells were incubated with DFO alone (Fig. 7, A and  B) . DFO and Fe[DFO] induced a slight but significant (p Ͻ 0.05) increase in p62 level after a 48-h incubation relative to the control (Fig. 7, A and B) . However, no significant (p Ͼ 0.05) alteration was observed comparing Fe[DFO] relative to DFO alone (Fig. 7, A and B) . The relative control for the iron complexes, namely FeCl 3 , did not result in any significant (p Ͼ 0.05) alteration in LC3-II or p62 expression relative to the control (Fig. 7,  A and B) . Collectively, these observations suggest that the ability of Dp44mT and DFO to bind cellular iron is important for increasing LC3-II expression.
It could be suggested that the ability of Dp44mT to increase LC3-II or p62 levels was not solely due to binding iron but also other metal cations in the cell. Previous studies have shown that Dp44mT also binds copper, which plays an important role in its antiproliferative activity (27, 28) . When Dp44mT was complexed with copper (Cu[Dp44mT]; 5 M), a marked and significant (p Ͻ 0.001) increase in LC3-II level was observed relative to that induced by Dp44mT alone (Fig. 7, C and D) . In contrast, at lower concentrations (i.e. 0.1 M), Dp44mT or Cu[Dp44mT] had no significant effect on LC3-II expression versus the control (Fig. 7, C and D) . Similar observations were also found when p62 levels were assessed except that Dp44mT and Cu-[Dp44mT] significantly (p Ͻ 0.001-0.05) increased its levels relative to the control at both 0.1 and 5 M (Fig. 7, C and D) . These observations indicated that the formation of Cu-[Dp44mT] could also be important for the increase in LC3-II and p62 expression found after cells were incubated with Dp44mT. As a control for the effects of free copper in experiments involving the Cu[Dp44mT] complex, cells were incubated with CuCl 2 (5 M), which had no significant (p Ͻ 0.05) effect on LC3-II or p62 levels (Fig. 7, C and D) .
Unlike DFO, which forms a redox-inactive iron complex (9), Dp44mT forms cytotoxic, redox-active iron and copper complexes that induce ROS generation (20, 39) and lead to the depletion of the major cellular antioxidant, glutathione (27) . Therefore, it was crucial to determine whether the redox-active Dp44mT Overcomes Prosurvival Autophagy nature of Dp44mT was important in terms of its ability to induce autophagy. To examine this, cells were incubated with Dp44mT in the presence or absence of N-acetylcysteine (NAC; 10 mM). NAC has been shown to be a precursor to H 2 S and persulfides (59, 60) as well as a precursor of glutathione for maintaining the redox state of the cell (61, 62) . Moreover, NAC was reported to reduce the cytotoxicity of Dp44mT (27) . When assessing autophagic flux using Baf A1, the increase in LC3-II level induced by Dp44mT in the presence of Baf A1 was significantly (p Ͻ 0.001) reduced when Dp44mT was co-incubated with NAC (Fig. 8, A and B) . Conversely, NAC by itself had no significant (p Ͼ 0.05) effect on the basal level of LC3-II relative to the control. Collectively, these observations indicated that co-incubation of Dp44mT with NAC inhibited the increase in autophagosome synthesis induced by Dp44mT.
Additionally, p62 levels were significantly (p Ͻ 0.01) decreased after incubation with Dp44mT in combination with NAC relative to Dp44mT alone (Fig. 8, C and D) . Again, NAC alone had no significant effect on p62 levels relative to the control (Fig. 5, G and H) . Therefore, considering the results from Fig. 8 , A-D collectively, the redox activity of Dp44mT induced autophagosome synthesis on the basis of LC3-II levels in the presence of Baf A1 but also retarded autophagosome degradation as judged by p62 expression, and both could be prevented by the cytoprotective antioxidant NAC.
Dp44mT Decreases Autophagosome Degradation by Causing Lysosomal Destabilization-As shown in earlier studies (Fig. 2,  B and C) , the increase in LC3-II level induced by TAM, Dp44mT, and DFO was at least in part due to inhibition of autophagosomal degradation with Dp44mT additionally increasing the rate of autophagosome formation. The lysosome plays an integral part in the degradation stage of autophagy by fusing with the autophagosome to generate the autolysosome ( Fig. 2A, i) (2). Hence, these acidic vesicles were examined after Dp44mT Overcomes Prosurvival Autophagy NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48
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incubation with these agents. This was initially assessed through the use of the lysosomotropic, metachromatic agent acridine orange (63) . When acridine orange accumulates within lysosomes and autolysosomes (50) at high concentrations, it results in a red fluorescence, whereas lower cytosolic and nuclear concentrations give a green fluorescence (63) . In these studies, the mean green:red fluorescence ratio was measured to determine the fractional volume of the cellular acidic compartment (64) .
Examining control cells, a granular red fluorescence pattern consistent with the localization of acridine orange in lysosomes was observed together with green staining of the cytosol and nuclei (Fig. 9A , panel i) as shown previously (27, 63, 65) . In contrast, incubation with TAM led to an increase in granular red fluorescence compared with the control, whereas the green staining of the cytosol remained relatively constant (Fig. 9A,  panel i) . This was reflected by the slight, but not significant, decrease of the mean green:red fluorescence ratio after incubation with TAM compared with the control (Fig. 9A, panel ii) . Bright field photographs also revealed an increase in cytosolic granularity in TAM-treated cells relative to the control (Fig. 9A , panel i). These observations suggest a possible increase in the number of lysosomes/autolysosomes or an increase in the permeation/accumulation of acridine orange into these organelles after incubation with TAM ( Fig. 9A) .
Conversely, after incubation with Dp44mT, there was a marked loss of red fluorescence and an increase in green fluorescence of the nuclei and cytoplasm (Fig. 9A, panel i) , resulting in a significant (p Ͻ 0.001) increase in the mean green:red fluorescence ratio relative to the control (Fig. 9A, panel ii) . This observation was consistent with lysosomal membrane permeabilization (LMP; Fig. 9A ) with increased release of acridine orange from lysosomes into the cytosol and nuclei (65) as shown previously (27) . Bright field photographs of the same cells after incubation with Dp44mT demonstrated a marked decrease in granularity in the cytosol relative to the control cells ( Fig. 9A, panel i) .
Interestingly, a distinct pattern of acridine orange staining was observed after incubation with DFO ( Fig. 9A, panel i) . In this case, DFO slightly decreased the granular red fluorescence, but there was no marked alteration in cytosolic/nuclear green fluorescence (Fig. 9A, panel i) , resulting in no significant alteration in the mean green:red fluorescence ratio compared with the control (Fig. 9A, panel ii) . This finding with DFO is not consistent with LMP as a significant increase in green cytosolic/ nuclear fluorescence was not observed. Bright field photography of DFO-treated cells revealed an increase in vacuolization and loss of fine granularity in the cytosol that was different from the effect mediated by Dp44mT or TAM (Fig. 9A, panel i) .
The alterations in acridine orange staining induced by Dp44mT and DFO were then examined using the cytoprotective antioxidant NAC, which prevented the Dp44mT-mediated increase in p62 (Fig. 8, C and D) and lysosomal damage (27) . As shown in Fig. 6B , NAC significantly (p Ͻ 0.001-0.01) reduced the ability of Dp44mT at 0.1 and 5 M to increase the mean green:red fluorescence ratio. This finding in the presence of NAC is consistent with decreased damage to lysosomes by redox-active Dp44mT (27) . In contrast to Dp44mT, NAC did not significantly affect acridine orange distribution after incubation with DFO ( Fig. 9B ). Again, this indicated that the mechanism involved in the decreased granular red staining with DFO was not consistent with redox-induced LMP (Fig. 9B ). Certainly, it is well known that unlike the Dp44mT⅐metal complex, which generates ROS (20, 27, 39) , the DFO⅐metal complex is not redox-active (9, 66) and should not damage the lysosome by this mechanism. The state of the lysosomes after treatment with TAM, Dp44mT, and DFO was also further examined by observing the co-localization of the lysosomal protease cathepsin D (Cat D) with lysosome-associated membrane protein 2 (LAMP-2) via immunofluorescence (Fig. 10A) . The co-localization of Cat D and LAMP-2 in these images was analyzed using scatter plots and Mander's overlap coefficient (r) (67) . Mander's overlap coefficient provides statistical information regarding the positional relation between biological objects and their relative intensities (68) . In control cells, the punctate distribution of Cat D (green stain) and LAMP-2 (red stain) and their co-localization (r ϭ 0.825) upon the merge, resulting in yellow stained lyso- Dp44mT Overcomes Prosurvival Autophagy NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48
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somes, is indicative of undamaged lysosomes/autolysosomes (Fig. 10A ) as shown previously (69) . Incubation with TAM enhanced the punctate fluorescence pattern of both Cat D and LAMP-2 and their co-localization (r ϭ 0.944) in the merge relative to the control (Fig. 10A ). This observation is again consistent with an increased number of undamaged lysosomes/autoly-sosomes as observed previously in TAM-incubated cells stained with acridine orange (Fig. 9A) .
Conversely, the decreased co-localization (r ϭ 0.684) and the more diffuse staining of Cat D and LAMP-2 upon incubation with Dp44mT (Fig. 10A) suggests that Cat D was released from damaged lysosomes. This observation also agrees with the loss 
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of red granular staining and increase in green cytosolic/nuclear fluorescence consistent with LMP when the cells were stained with acridine orange and incubated with Dp44mT (Fig. 9A) . The loss of lysosomes will prevent the formation of autolysosomes and will inhibit autophagic degradation, which is in good agreement with the studies demonstrating accumulation of p62 in Dp44mT-treated cells (Fig. 4, B and C) . As shown in the earlier acridine orange staining studies and in contrast to Dp44mT (Fig. 9A) , DFO did not induce characteristics indicative of LMP. In fact, a distinct "pinpoint" punctate pattern of Cat D and LAMP-2 was observed (r ϭ 0.832; Fig. 10A ) after incubation with DFO, demonstrating that the chelator had not induced LMP.
The association of autophagosomes and lysosomes was also examined through immunofluorescence studies by observing the distribution of LC3 and LAMP-2, which are expressed in the membranes of autophagosomes and lysosomes, respectively (49, 50, 70) . In control cells, weak and diffuse LC3 staining was observed together with perinuclear LAMP-2 staining that did not distinctly co-localize in the merged image (r ϭ 0.182; Fig. 10B ). After a 24-h incubation, TAM markedly enhanced the punctate formation of both LC3 and LAMP-2, leading to pronounced co-localization (yellow) in the merged image that was confirmed by the scatter plots and Mander's overlap coefficient (r ϭ 0.955; Fig. 10B ). This observation suggested the interaction of autophagosomes and lysosomes to form autolysosomes (71) . However, the increase in LC3-II levels by TAM was shown in Fig. 2, B and C, to be due to its inhibitory effect on the degradation stage of autophagy. Considering this, the accumulation of LAMP-2-lysosomal staining along with the LC3stained autophagosomes (Fig. 10B) suggests that a defect in the subsequent autophagic degradation led to increased LC3-II. Incubation with Dp44mT enhanced LC3 but not LAMP-2 staining relative to the control, and unlike TAM, there was no marked overlap in the merged image (r ϭ 0.530; Fig. 10B ). This finding indicates a lack of autolysosomal formation and the accumulation of autophagosomes. The LC3 and LAMP-2 distribution did not differ markedly from the control after incubation with DFO and was without marked co-localization (r ϭ 0.331; Fig. 10B ).
Silencing the Autophagic Initiator Beclin1 or ATG5 Inhibits the Antiproliferative Activity of Dp44mT but Not DFO-Autophagy is generally described as a prosurvival mechanism that is up-regulated in response to therapeutic agents (72, 73) . However, under conditions of stress, autophagy can also promote cell death due to the disruption of the late stage autophagic process (72, 73) . In this study, increased LC3-II levels induced by TAM, Dp44mT, and DFO were due at least in part to inhibition of autophagosomal degradation with Dp44mT also increasing autophagosome formation (Figs. 2, B  and C, and 4, B and C) . Therefore, it was of interest to determine how autophagy influences the antiproliferative activity of these agents. To address this, the initiation of autophagy was inhibited by siRNA-mediated knockdown of Beclin1 or ATG5 in MCF7 cells, and then its effects on LC3-II formation and the antiproliferative activity of TAM, Dp44mT, and DFO were examined.
Successful knockdown of Beclin1 via BECN1 siRNA was demonstrated by a significant (p Ͻ 0.001) decrease in Beclin1 protein relative to the negative control siRNA under all experimental conditions after 24 or 48 h (Fig. 11, A and B) . No significant (p Ͼ 0.05) change was observed in the TAM-induced increase in LC3-II in cells transfected with BECN1 siRNA relative to cells transfected with negative control siRNA after 24 or 48 h (Fig. 11, A and B) . In contrast, after a 24-or 48-h incubation with Dp44mT, the increase in LC3-II induced by this agent in cells transfected with negative control siRNA was significantly (p Ͻ 0.001-0.05) suppressed in cells transfected with BECN1 siRNA (Fig. 11, A and B) . This finding is in agreement with the previous studies in Fig. 2, B and C, demonstrating that the increase in LC3-II expression after incubation with Dp44mT was due in part to the induction of autophagosome synthesis. Similar to TAM, the DFO-induced increase in LC3-II was not significantly (p Ͼ 0.05) suppressed by the down-regulation of Beclin1 after 24 or 48 h (Fig. 11, A and B) . This observation was also in agreement with the previous studies in Fig. 2, B and C, where the increase in LC3-II after incubation with TAM or DFO was due to their inhibitory effect on the degradation stage of autophagy.
Transfection of MCF7 cells with ATG5 siRNA resulted in a marked and significant (p Ͻ 0.001-0.05) decrease in ATG5 protein under all conditions after 24 or 48 h (Fig. 11, C and D) . The alterations of LC3-II expression upon silencing of ATG5 after incubation with TAM, Dp44mT, or DFO followed a trend similar to that in cells transfected with BECN1 siRNA (cf. Fig.  11, A and B) . The TAM-or DFO-induced increase in LC3-II expression was not significantly (p Ͼ 0.05) altered by ATG5 silencing (Fig. 11, C and D) . However, in contrast, the increase in LC3-II induced by Dp44mT in negative control siRNAtreated cells was significantly (p Ͻ 0.001-0.05) suppressed by ATG5 silencing after 24 or 48 h (Fig. 11, C and D) . Hence, studies using both BECN1 siRNA and ATG5 siRNA demonstrate that the increase in LC3-II levels after incubation with Dp44mT, but not DFO, was due in part to the induction of autophagosome synthesis (Fig. 11, A-D) .
Considering these studies above, the effect of BECN1 siRNA and ATG5 siRNA on cell viability was then assessed. The downregulation of Beclin1 significantly (p Ͻ 0.001-0.01) reduced the cytotoxic activity of TAM or Dp44mT, whereas no significant (p Ͼ 0.05) change was observed after incubation with DFO after 24 or 48 h (Fig. 12A ). This finding suggests that autophagy plays a role in TAM-and Dp44mT-induced cell death in MCF7 cells. Conversely, ATG5 silencing only led to a significant (p Ͻ 0.001) decrease in the cytotoxic activity of Dp44mT after 24 or 48 h (Fig. 12B ). No significant alteration in the cytotoxic activity of TAM or DFO was observed in cells with silenced ATG5 after 24 or 48 h (Fig. 12B) . To explain the difference between the results achieved with Beclin1 and ATG5 silencing, we speculate that ATG5 silencing was not sufficient to effectively suppress autophagy because only a small fraction of ATG5 is required to maintain autophagic function (49) . Collectively, the cytotoxic activity of Dp44mT was suppressed by both BECN1 and ATG5 silencing after 24 or 48 h (Fig. 12, A and B) . This observation indicated an important role of persistent autophagosome syn-Dp44mT Overcomes Prosurvival Autophagy NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 33581 thesis in the inhibition of growth and the induction of cell death mediated by Dp44mT.
Dp44mT-induced Apoptosis Is Dependent on Autophagy-Autophagy occurs in close relation to apoptosis with the existence of a "molecular switch" between these two processes (74) . Dp44mT has been well characterized to inhibit proliferation by inducing cell death by apoptosis, and this occurs via lysosomal membrane permeabilization (20, 27, 75) . In fact, Dp44mT induces apoptosis in vitro and in vivo with this mechanism of cell death occurring via the mitochondrial pathway where decreased Bcl-2 and increased Bax expression occur along with holocytochrome c release and caspase 3, 8, and 9 activation (20) .
To further explore the role of autophagy in Dp44mT-induced cell death, we determined whether autophagy contributes to Dp44mT-induced apoptosis. Initially, the apoptotic cell death induced by a 24-or 48-h incubation with TAM, Dp44mT, and DFO was measured using the annexin V-FITC assay in cells preincubated with BECN1 siRNA or ATG5 siRNA relative to Dp44mT Overcomes Prosurvival Autophagy the negative control siRNA (Fig. 13, A and B) . Comparing the efficacy of the agents at inducing apoptosis in the negative control siRNA-treated cells, it was evident that TAM and particularly Dp44mT significantly (p Ͻ 0.001-0.01) increased apoptosis relative to the control with Dp44mT being more active than TAM after 24 or 48 h (Fig. 13, A and B) . DFO significantly (p Ͻ 0.001) induced apoptosis in negative control siRNA-treated cells only after 48 h (Fig. 13, A and B) . No significant alteration of annexin V staining was observed for all agents after 24 or 48 h when autophagy was inhibited using BECN1 siRNA or ATG5 siRNA (Fig. 13, A and B) .
We then assessed the expression of the antiapoptotic protein Bcl-2 and proapoptotic protein Bax by Western blotting to investigate apoptosis after a 24-or 48-h incubation with TAM, Dp44mT, or DFO in MCF7 cells where Beclin1 or ATG5 was silenced ( Fig. 13, C-F) . In these studies, the Bax:Bcl-2 ratio was calculated as it determines the vulnerability of cells to apoptosis (76) . First, assessing cells transfected with negative control siRNA, only Dp44mT significantly (p Ͻ 0.01) increased the Bax: Bcl-2 ratio relative to the control after 24 or 48 h (Fig. 13 , C-F) in good agreement with its effect reported previously (20) . Examining cells transfected with BECN1 siRNA, the Bax:Bcl-2 ratio was significantly (p Ͻ 0.001) decreased in control cells transfected with BECN1 siRNA relative to control cells transfected with negative control siRNA after 24 h (Fig. 13, C and D) . This was predominantly due to the marked and significant (p Ͻ 0.001) up-regulation of Bcl-2 expression, which under different conditions has been reported to have an antiautophagic function where it inhibits Beclin1 (74, 77, 78) . The Bax:Bcl-2 ratio was significantly (p Ͻ 0.01) decreased in BECN1 siRNAtransfected cells incubated with TAM or Dp44mT relative to negative control siRNA-transfected cells after 24 h, whereas no alteration was observed in cells incubated with DFO ( Fig. 13, C  and D) . After 48 h, no significant alterations of the Bax:Bcl-2 ratio was observed for TAM or DFO, whereas a slight decrease was observed for Dp44mT in BECN1 siRNA-transfected cells relative to negative control siRNA-transfected cells (Fig. 13, C  and D) .
Similar to the results observed with BECN1 siRNA (Fig. 13 , C and D), the Bax:Bcl-2 ratio was slightly, but not significantly, decreased in control cells transfected with ATG5 siRNA relative to control cells transfected with negative control siRNA after 24 h (Fig. 13, E and F) . Again its notable that ATG5 silencing was not sufficient to effectively suppress autophagy because only a small fraction of ATG5 is required to maintain the function of this process (49) . Relative to negative control siRNAtransfected cells, TAM or DFO did not induce any significant (p Ͼ 0.05) change in the Bax:Bcl-2 ratio in ATG5 siRNAtransfected cells after 24 or 48 h (Fig. 13, E and F) . However, similarly to BECN1 siRNA-transfected cells, the Bax:Bcl-2 ratio was significantly (p Ͻ 0.05) decreased by Dp44mT in ATG5 siRNA-transfected cells relative to negative control siRNAtransfected cells after 24 h, and a slight decrease was observed after 48 h (Fig. 13, E and F) .
Collectively, using either BECN1 or ATG5 siRNA, these experiments indicated that inhibition of autophagy significantly decreased Dp44mT-induced apoptosis. Considering the previous results where the antiproliferative activity of Dp44mT was also significantly reduced in cells in which autophagy was inhibited using BECN1 or ATG5 siRNA (Fig. 12, A and B) , the decreased apoptosis is also important for explaining these data.
DISCUSSION
Considering that autophagy plays a prosurvival role in resistance against anticancer agents, this study investigated the effect of Dp44mT on autophagy (1, 4) . Targeted knockdown of genes essential for autophagy such as ATG5 and BECN1 or by using autophagy inhibitors such as Baf A1, etc. have been shown to Dp44mT Overcomes Prosurvival Autophagy NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48
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resensitize resistant cancer cells to anticancer therapy (31) (32) (33) (34) . Moreover, this was of interest because Dp44mT can overcome drug resistance (21) , and inhibition of autophagy in resistant cancer cells has been suggested as an approach to cancer eradication (4). In the present study, we have shown a mechanism whereby Dp44mT overcomes the prosurvival activity of autophagy and turns autophagy into a potentiated mechanism of cytotoxicity.
Autophagy is a dynamic, multistep process in which the accumulation of autophagosomes could indicate either 
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increased autophagic flux or aberrant autophagy (49, 50) . Here we demonstrated an early initiation of effective autophagy upon Dp44mT treatment in studies utilizing Baf A1 to examine autophagic flux (Fig. 2, B and C) . However, Dp44mT was also found to reduce autophagic clearance as indicated by p62 accumulation (Fig. 3, B and C) . This was due to lysosomal permeabilization by Dp44mT ( Figs. 9A and 10A) , which impairs autophagosome-lysosome fusion and thus inhibits the completion of the autophagic process. To decipher the mechanism in which Dp44mT affects autophagy, the non-redox-active iron chelator DFO (14) was used in a relative comparison with Dp44mT, which forms redox-active complexes (25) . DFO was found to induce an accumulation of autophagosomes by not increasing their synthesis but by inhibiting degradation of these organelles (Fig. 2, B and C) .
Because iron is believed to be liberated from iron-containing proteins by autophagy (6 -8) , one would expect that cells deprived of iron would up-regulate autophagy to release iron stored in proteins to then be utilized by the cell (5) . This would occur at an accelerated rate during the cellular iron depletion that occurs due to iron chelation. Indeed, it has been reported that ferritin delivery to lysosomes is increased in iron-depleted cells (79) . It was shown that DFO induces ferritin degradation in lysosomes through induction of autophagy (80) . However, in this study, DFO was not found to induce autophagy but instead inhibited autophagosome degradation (Figs. 2, B and C, and 4 , B and C). Because of the poor membrane permeability of DFO, the chelator is probably taken up by fluid phase pinocytosis (81) and then incorporated into lysosomes during the endosomallysosomal maturation process (81) (82) (83) . DFO has been reported to act as a weak base possessing lysosomotropic properties (84) that then alters the pH of the lysosomal compartment and decreases Cat D activity (85) . This may explain the inhibition of autophagosome degradation observed when the cells were incubated with DFO (Figs. 2, B and C, and 4 , B and C) as an acidic pH is required for lysosomal hydrolase activity and its catabolic efficiency (86) .
Previous reports have suggested that TAM may increase autophagy flux under defined conditions (87, 88) . However, in this investigation, the results assessing autophagic flux via the use of Baf A1 (Fig. 2, B and C) and p62 accumulation (Fig. 4, B and C) together show that the TAM-induced increase in LC3-II was due to inhibited autophagosomal degradation. This distinction between the current and previous studies may be explained by the differences in experimental conditions utilized. For instance, in the current study, MCF7 cells were grown in the presence of estrogen, whereas in previous studies, these cells were grown in the absence of estrogen, which would enable effective binding of TAM to the estrogen receptor (87, 88) . It is known that estradiol inhibits cell death induced by TAM (88) . Moreover, studies have reported numerous pharmacological effects of TAM that are independent of the estrogen receptor such as its ability to inhibit the acidification of lysosomes (89, 90) and induce LMP (91) . These effects of TAM ultimately lead to the impairment of lysosomal function and reduction of autophagosome clearance and may explain the decrease in autophagosome degradation observed after incubation with this agent (Figs. 2, B and C, and 4, B and C) . Consid-ering this, it is notable that despite one of the cell lines used herein being classically referred to as estrogen receptor-negative (i.e. MDA-MB-231) recent reassessment has actually demonstrated that it expresses the estrogen receptor (92) . Hence, the observed effects of TAM on autophagy in breast cancer cells ( Fig. 6 ) could be dependent or independent of the estrogen receptor.
The ability of Dp44mT to induce autophagy was found to be dependent on its redox activity upon binding metals (Fig. 7,  A-D) . In agreement with this observation, co-incubation with the glutathione precursor NAC prevented the Dp44mT-induced increase in autophagic flux (Fig. 8, A-D) . There is a growing body of evidence showing that autophagy is activated by ROS as a cytoprotective process in which ROS production is increased and is required for induction of autophagy under starvation conditions (93) . One of the classical targets of ROS is lysosomes where oxidizing conditions lead to lysosomal membrane destabilization and thereby promote the leakage of hydrolytic enzymes to induce further cellular damage (29, 65) . The redox activity of Dp44mT is the culprit causing LMP as co-incubation with NAC inhibited the Dp44mT-induced increase of the mean green:red fluorescence ratio in acridine orange staining (Fig. 9B ). The LMP caused by Dp44mT has been shown to induce apoptosis, which ultimately leads to cell death (27) .
Because the effect of redox stress induced by Dp44mT on lysosomes is lethal, it is of interest to consider whether the increase in autophagosome synthesis by Dp44mT is a cell survival response as observed in classical autophagy or whether it actually enhances cell death by this agent. The dual role of redox activity by Dp44mT in autophagy may be explained by the opposing roles of the lysosomal system under an oxidizing environment (35, 94) . Under oxidizing conditions leading to cellular damage, the lysosomal membrane is destabilized, leading to leakage of the hydrolase enzymes into the cytosol (35, 94) . The magnitude of the cellular damage varies with the intensity of the oxidative stress, which determines the degree of disruption of the lysosomal membrane (35, 94) . It was hypothesized by Kiffin et al. (94) that moderate oxidative stress affecting only a small percentage of lysosomes may activate autophagy to sequester "leaking" lysosomes out from the cytosol. This may explain the increase in autophagic flux after incubation with Dp44mT where in the first stages of oxidative injury the lysosomal system plays a protective role and eliminates damaged intracellular components through autophagy.
Conversely, during intense acute oxidative stress, the lack of a significant number of functional lysosomes left after the cellular insult could prevent the removal of the damaged lysosomes (35, 94) . The reduced number of lysosomes would then result in a decrease in autophagosome degradation (94) . This scenario would explain the observed p62 accumulation induced by Dp44mT (Fig. 4, B and C) . In this case, p62 could not be degraded by the functional autolysosomes as the lysosomes responsible for their formation had been damaged or destroyed (Fig. 4, B and C) .
The effect of Dp44mT to disturb the balance between autophagosome production and autophagosome degradation in this study may transform generally protective autophagy into Dp44mT Overcomes Prosurvival Autophagy NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48 "destructive autophagy." If autophagy is activated when the cell is under intense stress but is insufficient for the removal of the cellular debris due to damage to the lysosomal compartment, the intracellular levels of death factors (e.g. death-associated protein kinase and the tumor necrosis factor-related apoptosisinducing ligand) (64) would increase to activate apoptosis and cell death (5, 35, 94) . Along with its ability to up-regulate autophagy, Dp44mT was observed to destabilize the lysosomal membrane, leading to the release of hydrolytic enzymes such as Cat D into the cytoplasm (Fig. 10A ). As shown previously, targeting lysosomal integrity plays a key role in the antiproliferative activity of Dp44mT (27) . Thus, the effect of Dp44mT in inducing autophagy may be detrimental to the cell when this effect is coupled with LMP. Moreover, the fact that the inhibition of autophagy by BECN1 and ATG5 silencing abrogated cell death induced by Dp44mT (Fig. 12, A and B) indicates that the early induction of autophagy contributes to the execution of cell death by this agent. In this regard, our study adds to the increasing evidence that persistent autophagy in response to cellular stress serves as a potent death signal.
Autophagic cell death can occur in collaboration with apoptosis or as a backup mechanism when apoptosis is defective (95, 96) . Studies have reported that cytotoxic drugs can induce autophagic cell death when the apoptotic pathway is non-functional (32, 37) . In this study, Dp44mT was found to induce classical markers of both autophagy (Fig. 2, B and C) and apoptosis (Fig. 13 ). The coincidence of apoptosis and autophagy has also been observed in MCF7 cells treated with the DNA topoisomerase I inhibitor camptothecin where autophagic cell death was found to be complementary to apoptosis in eliminating the remaining, more resistant cells (97) . Several investigations have suggested that the co-existence of apoptotic and non-apoptotic modes of cell death is a consequence of the intracytoplasmic release of lysosomal enzymes such as cathep-sins, which are involved in caspase-dependent and -independent cell death (36, 97) . Studies have also reported autophagy to be essential for caspase-dependent cell death and that it appears to act upstream of apoptosis (98, 99) . Clearly, identifying the key mediators in the occurrence of both autophagic and apoptotic cell death by Dp44mT warrants further investigation.
In conclusion, this study identified the ability of Dp44mT to convert autophagy into a cell death process through the 1) induction of autophagy to increase autophagosome synthesis and 2) prevention of autophagosome degradation as an autolysosome by damaging lysosomal integrity (Fig. 14) . The resulting accumulation of autophagosomes leads to a buildup of cellular debris such as protein aggregates and damaged organelles, which are lethal to the cell (Fig. 14) . This effect potentiates the cell death caused by Dp44mT through LMP-induced apoptosis (Fig. 10 ). Hence, Dp44mT was able to overcome the prosurvival activity of autophagy and actually utilize the autophagic machinery to induce cancer cell death. FIGURE 14 . Schematic demonstrating the effects of Dp44mT in converting autophagy into a cell death process through the 1) simultaneous induction of autophagy to increase autophagosome synthesis and 2) prevention of autophagosome degradation as an autolysosome by damaging lysosomal integrity. The latter has been shown to be due to the ability of Dp44mT to form redox-active copper complexes that redox cycle to generate ROS that induce LMP (27) . The loss of integrity to the lysosome results in the release of its contents, which can induce apoptosis, into the cytosol (27) . The resulting accumulation of autophagosomes from these two mechanisms leads to a buildup of damaged proteins and organelles, which provokes cell death in addition to LMP-induced apoptosis.

